In the present work we investigate the thermal diffusion behavior of three different binary mixtures with a thermal lens (TL) setup. In the setup used in this study we avoid the addition of a dye for systems, such as aqueous mixtures, with a weak absorption band at a wavelength of 980 nm. In some aqueous systems with a complex phase behavior the addition of dye significantly affects the apparent measured thermal diffusion properties. The studied systems are dimethylsulfoxide (DMSO) in water, the ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate (EMIES) in butanol and a non-ionic surfactant hexaethylene glycol monododecyl ether (C 12 E 6 ) in water. The Soret coefficients of the selected systems cover a range of two orders of magnitude. For DMSO in water with a very low Soret coefficient of the order of S T ∼ 10 −3 K −1 we find for a low DMSO content (c = 0.33) a reasonable agreement with previous measurements, while the weak thermal lens signal for the DMSO-rich mixture (c = 0.87) leads to 20% too large Soret coefficients with an uncertainty of more than 30%. Secondly we studied a liquid salt 1-ethyl-3-methylimidazolium ethylsulfate (EMIES) in butanol with a roughly ten times higher Soret coefficient of S T ∼ 10 −2 K −1 .
I. INTRODUCTION
Thermal diffusion describes the migration of molecules in a temperature gradient. As a result of this process a concentration gradient builds up. In the steady state when the mass flux vanishes, the concentration gradient is given by ∇c = −S T c(1 − c)∇T,
where S T = D T /D is the Soret coefficient, D T is the thermal diffusion coefficient, D is the translational diffusion coefficient, c is the weight fraction. A positive Soret coefficient of the component with the weight fraction c implies that this component moves to the cold region.
The main practical applications are separation processes 1,2 such as thermal field flow fractionation of polymers and colloids or isotope separation, characterization of geochemical processes 3,4 and combustion 5 .
Even less than 20 years ago, different experimental techniques such as thermo gravitational columns, beam deflection, diffusion cells and thermal diffusion forced Rayleigh scattering (TDFRS) gave different results for simple organic mixture such as toluene/n-hexane [6] [7] [8] .
The reason for the deviations are manifold, like technical imperfections and the presence of convection. Therefore, a benchmark test has been initiated, to measure thermal diffusion properties of simple organic mixtures by different experimental techniques 9 .
The principle of the classical TDFRS method is as follows: a grating created by the interference of two laser beams is written into a sample. Except for the recently developed IR-TDFRS 10 , a small amount of dye present in the sample converts the intensity grating into a temperature grating which in turn causes a concentration grating by thermal diffusion.
Both gratings, temperature and concentration, contribute to a refractive index grating, which refracts a third laser beam. The time dependence of the diffracted signal intensity is analyzed and gives the diffusion coefficient D, the thermal diffusion coefficient D T and the Soret coefficient S T . In the benchmark test it was demonstrated that the classical TDFRS method gives reliable results for organic mixtures and also the data obtained for simple aqueous systems compare well with other experimental techniques [11] [12] [13] [14] . However, recent studies on the surfactant hexaethylene glycol monododecyl ether (C 12 E 6 ) in water with the classical TDFRS showed, that the small amount of dye added to create a temperature grating, leads to an unexpected second mode in the concentration part of the classical TDFRS signal 15, 16 .
The thermal lens (TL) technique is another powerful method which can be used to study the Soret effect in liquid mixtures, ferrofluids and micellar solutions [17] [18] [19] [20] . The basic principle of the TL experiment is that a focused laser beam causes local heating in a sample, which leads in a mixture first to a thermal lens (local refractive index change due to temperature variations) and then to a Soret lens (local refractive index change due to concentration variations). In some of the experiments 20 a small amount of dye is added to achieve a sufficient heating by the laser beam others use a weak absorption band of water in the infrared 19 .
First, Gordon et al. 21 observed the thermal lens effect in a liquid placed within the resonator of a helium-neon laser. Later, Giglio and Verdramini 22 noticed that the thermal lens in a binary mixture was noticeably larger than in pure components. The first careful theoretical analysis of the TL effect was done by Norman et al. 23 and Carter et al. 24 . The thermal lens method has been used to study the sign of the In many points the TDFRS and TL setups are comparable. Both techniques are optical methods, which rely on the refractive index contrast of the mixture, and, except for a few special cases 27 , both methods are limited to binary mixtures. In the TDFRS experiments two lasers are needed with a coherence length of the order of a few centimeters to produce a holographic grating in the sample and to allow for heterodyne signal detection. Additionally, the wavelengths of the two lasers need to be so far apart that the sample absorbs the light at one wavelength, while the sample has to be transparent for the other wavelength. The use of two different wavelengths makes it also more difficult to change the wavelength of the writing beam. In the TL experiment the laser needs to have a stable Gaussian profile with a good stability. The grating vector q is well defined in the TDFRS experiment which enables a detailed analysis of polydisperse systems 28 . In total the equipment requirements and costs are higher for TDFRS than for the TL. In general the equilibration times for the TL is 30-times higher than for TDFRS, which makes the TDFRS more suitable for very slow diffusing particles. The weakest point of the TL setup is its sensitivity to convection which can be a problem for slow diffusing systems and systems with a low optical contrast. In the first case convection often sets in before equilibrium is reached. In the latter case a thicker sample cell would be used to increase the contrast, which however leads to enhanced convective flow. Due to the small dimension in the TDFRS experiments convection, is usually not a problem. To check for the occurence of convection TDFRS experiments are often repeated at different powers of the writing beam and the coefficients are extrapolated to a power of zero. Nevertheless, for many systems with a good signal to noise ratio, the TL method is a compact and robust method to measure the thermal diffusion properties of liquid mixtures, polymer solutions and dispersions of small colloidal particles with a radius below 100 nm.
The goal of this paper is to validate the thermal lens technique as a method to measure thermal diffusion properties. The database for reliable Soret coefficients and thermal diffusion coefficients is still very small. As mentioned before the only benchmark test has been performed for organic mixtures 9 . The best studied aqueous system is ethanol/water 11-14 , but the refractive index of ethanol (n = 1.359) is very close to that of water (n = 1.333), so that we expected that it would be difficult or impossible to measure this system with the thermal lens setup. Therefore, we chose dimethylsulfoxide (DMSO), which has a higher refractive index (n = 1.479) and it has also been measured before. During the experiments it turned out that the strength of the signal was not sufficient in the entire concentration range. We looked for a simple system with a larger Soret coefficient and chose the ionic liquid 1-ethyl-3-methylimidazolium ethylsulfate (EMIES). It was found that EMIES decomposes in the presence of water to form 1-ethyl-3-methylimidazolium hydrogen sulfate and ethanol under ambient conditions 29 , so that we used instead of water butanol as solvent, which shows a sufficient absorption in the near infrared. To our best knowledge is the first time that a ionic liquid mixtures has been investigated. As a complex and interesting system we finally investigated the non-ionic surfactant system C 12 E 6 in water, which also has been investigated before by classical TDFRS 16 and was one of our motivations to build this set-up and the IR-TDFRS 10, 30 . For these three types of mixtures the Soret coefficient S T differs by orders of magnitudes (10 −3 , 10 −2 and 10 −1 K −1 , respectively). All three systems show a sufficient absorption at λ = 980 nm, so that we do not need to add a dye in the TL experiment. The obtained results for DMSO/water and C 12 E 6 in water were compared with recent measurements obtained with the classical TDFRS, which needs a small amount of dye to assure a sufficient absorption of the wavelength of the writing beam 31 . In the case of the ionic liquid we performed additional measurements with classical TDFRS, because for this system no literature data are available. The previous measurement for the non-ionic surfactant system with the classical TDFRS showed that the addition of the dye causes changes in the measured thermal diffusion behavior 16 . We compare the TL measurements with recent measurements using IR-TDFRS 30 , which works also without dye if the system shows sufficient absorption at λ = 980 nm.
II. EXPERIMENT AND WORKING EQUATIONS
A. Sample Preparation.
Hexaethylene glycol monodecyl ether (C 12 E 6 ; ≥ 98%) was ordered from Nikkol Chemicals (Tokyo). Butanol (99.5%), dimethylsulfoxide (DMSO; 99.7%) were purchased from SigmaAldrich and 1-ethyl-3-methylimidazolium ethylsulfate (EMIES; 99%) was ordered from Solvent Innovation GMBH. We took deionized water Milli-Q. All chemicals were used without further purification. The aqueous solutions of DMSO were prepared without dye. The EMIES/butanol mixtures for classical TDFRS contain a small amount (roughly 10 −6 wt %) of the dye quinizarin (Aldrich). The amount of the dye corresponds to an optical density of 1 cm −1 at a wavelength λ = 488 nm, while in the TL experiments no dye was used. The aqueous solutions of the non-ionic surfactant C 12 E 6 were investigated by the TL method with and without dye. In this case we used the water soluble dye basantol yellow. After the non-ionic surfactant C 12 E 6 had been added to the water the solution was stirred at least for four hours at room temperature.
B. Refractive index increment measurements.
Refractive indices were determined using an Abbe refractometer. The refractive index increment (∂n/∂c) p,T at constant pressure and temperature was determined from the derivative of a second order polynomial fit of refractive index data. The temperature derivatives of the refractive index (∂n/∂T ) p,c at a constant pressure and concentration were determined in a temperature range T ± 3 • C using a Michelson interferometer 32 . The refractive index increments for the binary mixture of DMSO/water and the surfactant solution of C 12 E 6 /water were taken from Ning et al. 16, 31 .
C. TDFRS experiment and data analysis
The classical TDFRS and the IR-TDFRS experiment are described elsewhere in detail 10, 16 . An argon-ion laser (λ w =488 nm) or infrared laser (λ w =980 nm) are used for writing a grating. The laser beam is splitted into two writing beams of equal intensity by a beam splitter. An intensity grating is created in the sample by the interference of these two laser beams. In a classical TDFRS experiments a small amount of dye in the sample converts the intensity grating into a temperature grating. While in the IR-TDFRS the absorption at λ w =980 nm is utilized to convert the light grating into a temperature grating, which in turn causes a concentration grating by the effect of thermal diffusion. Both gratings contribute to a combined refractive index grating, which is read out by diffraction of a third laser beam (λ r =633 nm).
The heterodyne signal intensity ζ het (t), normalized to the thermal signal, is related to the Soret coefficient as follows
with
where q is the grating vector, D is the translational diffusion coefficient and A is the amplitude of the concentration signal.
To determine transport coefficients, Eq. 2 is fitted to the measured heterodyne signal taking into account the deficiencies of the Pockels cell by an iterative correction algorithm 16 and the two contrast factors (∂n/∂c) p,T and (∂n/∂T ) p,c , which are measured separately. D. Thermal lens experiment and data analysis
Thermal lens effect
The principle of the TL method is described elsewhere in details 19, 24 . The TL setup is sketched in Fig. 2 . The mechanical shutter between the first and the second lens is used for "switching" the laser beam. The focused Gaussian laser beam illuminates a weakly absorbing sample, generating a temperature gradient within a characteristic time τ th . Later a concentration gradient within a characteristic time τ Soret >> τ th is induced by the Soret effect. The characteristic times τ th and τ Soret can be calculated using at a large distance (d sd = 130 cm) from the sample cell.
Working equations
In the following section we present the working equations to describe the TL effect. In a binary mixture the thermal lens is created in two steps. First the thermal lens is formed, which is characterized by the time constant τ th and the strength of the thermal lens θ th .
Secondly the Soret lens or concentration lens is formed, which is described with an analog formalism. The relevant parameters are the characteristic time constant τ Soret and the strength of the Soret lens θ Soret .
The thermal lens is induced by a Gaussian beam with a power P and a wavelength λ in a sample with absorbtion coefficient b and thermal diffusivity D th . The full expression for the position and time dependence of the beam center intensity response is given by
with f (θ th , γ, τ th , t) = A(γ, τ th , t)θ th + B(γ, τ th , t)θ 2 th
The parameter θ th characterizes the strength of the thermal lens in the sample and is given by
where l is the cell thickness, κ is the thermal conductivity of the sample. The dimensionless
R is the distance from the cell to the beam waist with ω = ω 0 rescaled to the Rayleigh range z R , which is the distance between the beam waist and the point with beam radius ω = √ 2ω 0 . The coefficients A and B are equal to, A(γ, τ th , t) = −atan 2γ 3 + γ 2 + (9 + γ 2 )τ th /2t
(6)
In order to take into account the Soret effect the additional term
needs to be added to Eq. 4. The Soret coefficient S T for binary mixture with concentration c and the refractive index derivatives (∂n/∂T ),(∂n/∂c) can be obtained from the ratio of the strength of the Soret lens θ Soret and the strength of the thermal lens θ th in the sample
There are two ways to analyze the experimental data. Typically we fixed the distance between the cell and the beam waist and recorded the time dependence of the intensity I(t), which can be analyzed according to Eq. 4 . Another way to analyze the data is by calculating the expression (I(0) − I(t = ∞))/I(t = ∞) with the intial intensity I(0) and the intensity at infinite times I(t = ∞) at different positions. The final expression of this so-called z-scan method can also be derived from Eq. 4. Both appraoches can be found in the literature 18, 19 and they should give the same results. Finally the thermal conductivity κ and the Soret coefficient S T can be calculated according to Eq. 5 or 9, respectively.
Thermal lens setup
The schematic diagram of the experimental setup is shown in Fig. 2 . In order to decrease convection effects our setup has been constructed with an upright optical axis. We have used an infrared laser (λ = 980nm) with a maximum output power of P = 50 mW. The laser was connected with the setup via a monomode fiber. We used a mechanical shutter between the first and the second lens for "switching" the laser beam. The third lens (focal length 100mm) focuses the parallel beam into the sample cell. For all positions along the optical path the cell is mounted perpendicular to the beam. In order to measure the intensity in the center of the beam we place a pinhole with a diameter of 4 mm in front of the photodiode, which was placed at a distance of d sd = 130 cm from the sample cell.
The process of alignment consists of four steps. First, the xy-position as well as the angle of the laser beam were adjusted using a CCD camera (Coherent Lasercam HR), which records the laser profile. The pinhole was moved along the optical path, while the position of the beam center was monitored by the CCD camera at the same postion, where the photodiode is mounted during the measurement. Secondly, the position of the photodiode with the pinhole has to be adjusted using an infrared viewer. The third step is the optimization of the xy-position of each lens, which is done by analyzing the laser profile behind a pinhole, which is placed in the focus of the lens. The same procedure is repeated for each lens with the same pinhole as in the first step. The angle for each lens was adjusted by checking the back reflection on the same pinhole using the infrared viewer. Finally, the cell was slightly tilted to avoid back reflection in the laser diode.
In order to avoid vibrations of the setup during the experiment we mounted the shutter on a separate column and we avoided circulating water for temperature control of the cell.
The cell was placed in the copper block, which was heated from both sides by two Peltier elements. The temperature was controlled with an uncertainty ∆T = ±0.01 K (Peltron).
At the maximum experimental temperature T = 40
• C the temperature difference between the center and the edge was of the order of 0.05 K. All experiments were performed with a power of typically P = 21 ± 1 mW. The distance between the cell and the beam waist was 3 -4 mm.
Calibration of the thermal lens set-up
First, we show that we can reproduce the TL signal of pure water with our setup. 
Convection effects in the thermal lens experiment
Generally speaking, the non-zero extinction coefficient of our sample and the finite thickness of the cell lead to a temperature inhomogeneity in the direction parallel to the laser beam. The behavior of the components with different densities becomes sensitive to gravity, which is commonly known as convection. In order to avoid convection, the characteristic equilibration time should be smaller than the characteristic convection time (τ convection ).
The convection time can be estimated through the ratio of the beam size at the cell position (ω ≈ 54 µm for a typical τ th ≈ 5 ms for a cell with 1 mm with water, placed 4 mm before the beam waist; (c.f. Eq. 3) to the convection velocity U convection . Rusconi et al. 19 proposed two expressions for scaling the convection velocity (c.f. Eq. 10 and 11).
where α is the thermal expansion coefficient, ν is the kinematic viscosity, g is gravitational acceleration and ∆T is the characteristic amplitude of the temperature inhomogeneity. The
Grashof number Gr is defined as
Eq. 10 is only valid for low Grashof numbers (Gr 1), while for large Grashof numbers ((Gr 1)) Eq. 11 needs to be used.
Rusconi et al. 19 calculated the convection velocity profiles in a cell with l = 0.5 mm and for a laser power of P = 20 mW using the Navier-Stokes equations. The maximum value in the center of the cell was found to be U convection ≈ 2.4 10 −6 m s −1 . Scaling this value according to Eq. 10 with the cell thicknesses allows to calculate convection times for different cell thicknesses and different solvents. The obtained values are presented in Table I . The characteristic temperature difference (∆T ) between the sample temperature at the center of the beam and the average sample temperature were calculated according to the criteria ∆T ≈ 0.3P blκ −1 , proposed by Gordon et al. 21 . The corresponding values are also presented in Table I .
III. RESULTS AND DISCUSSION
A. Nonionic surfactant C 12 E 6 in water Table I ). 
B. DMSO in water
The Soret coefficient for DMSO/water is roughly two orders of magnitude smaller than for C 12 E 6 /water mixtures. In the case of an extremely weak thermodiffusion effect, for example close to a concentration, where D T changes sign, one can expect that the Soret lens will be very weak and difficult to observe. Also thermal fluctuations and other sources of noise such as the stability of the laser will become important. Generally speaking, the sensitivity of the TL setup is associated with the amplitude A. If one compares both analysis equations Eq.
2 and 9 for TDFRS and TL, respectively, both methods are quite similar. The amplitude A in TDFRS is equivalent to the ratio of θ Soret to θ th in the TL method.
In order to have strong signal we chose two DMSO/water concentrations (c = 0.33 and 0.87) for which the amplitudes of the TDFRS signal are maximal (0.47 and 0.12, respectively). At the low DMSO content, DMSO moves to the cold side, while at higher DMSO content DMSO moves to the warm side. The typical TL signal for a mixture with a water mass fraction of 0.67 in a 1 mm cell is shown in Fig.3 . The typical equilibration time for a 1 mm cell is of the order of the convection time (c.f. Table I ).
The measured Soret coefficient in the water-rich region is S T = (2.5 ± 0.4) 10 
IV. CONCLUSION
In the present work we compared the Thermal Diffusion Forced Rayleigh Scattering (TDFRS) technique with the Thermal Lens (TL) method. We investigated three different systems with Soret coeffcients between S T ∼ 10 −3 − 10 −1 K −1 . For the systems with the larger Soret coefficients we found good agreement between the two methods. For low Soret coefficients of the order of S T ∼ 10 −3 K −1 , the TL method reaches its limits. In the case of a low Soret coefficient and a low optical contrast reliable measurements are not possible.
Typically slow diffusing molecules such as polymers and colloids have fairly large Soret coefficient of the order of S T ∼ 10 −1 K −1 , so that they are in principle good systems to be investigated by TL. The other limit of the TL experiment is that the characteristic equilibration time should be smaller than the characteristic convection time. Therefore the investigation of large colloids in the micron scale will be impossible.
A big advantage of the TL method is that it is fairly fast and the experimental setup is much cheaper compared to the TDFRS setups. It is also fairly easy to change the wavelength, so that the addition of dye can be avoided by using the natural absorption of the molecules.
An important requirement on the laser source is an excellent Gaussian profile and laser stability, but the coherence length can be very short. If one plans future benchmark tests which should also include the thermal lens method, the systems have to be selected carefully so that the signal to noise ratio is also large enough to do precise TL experiments. According to our experiments ionic liquids such as EMIES in butanol seems to be a good candidate. The Soret coefficient is one order of magnitude larger than that for ordinary molecular sytems, which results in a sufficient signal to noise ratio in the TL experiment, while diffusion is still fast enough so that it is also accessible for other experimental techniques such as thermogravitational columns.
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